Glutamine synthetase (GS) and NADP-dependent glutamate dehydrogenase (NADP-GDH) play a key role in nitrogen assimilation in the ectomycorrhizal fungus Laccaria laccata (Scop. ex Fr. Cke) strain S 238. The two enzymes were purified to apparent electrophoretic homogeneity by a three-step procedure involving diethylaminoethyl (DEAE)-Trisacryl and affinity chromatography, and DEAE-5PW fast protein liquid chromatography. This purification scheme resulted in a 23 and 62% recovery of the initial activity for GS and NADP-GDH, respectively. Purified GS had a specific activity of 713 nanomoles per second per milligram protein and a pH optimum of 7.2. Michaelis constants (millimolar) for the substrates were NH4' (0.024), glutamate (3.2), glutamine (30), ATP (0.18), and ADP (0.002). The molecular weight (Mr) of native GS was approximately 380,000; it was composed of eight identical subunits of Mr 42,000. Purified NADP-GDH had a specific activity of 4130 nanomoles per second per milligram protein and a pH optimum of 7.2 (amination reaction). Michaelis constants (millimolar) for the substrates were NH4' (5), 2-oxoglutarate (1), glutamate (26), NADPH (0.01), and NADP (0.03). Native NADP-GDH was a hexamer with a Mr of about 298,000 composed of identical subunits with M, 47,000. Polyclonal antibodies were produced against purified GS and NADP-GDH. Immunoprecipitation tests and immunoblot analysis showed the high reactivity and specificity of the immune sera against the purified enzymes. on regulation, physical properties, and kinetic characteristics of GS and NADP-GDH is derived from studies on higher plants (20, 21, 26) , yeasts (7, 25 
on regulation, physical properties, and kinetic characteristics of GS and NADP-GDH is derived from studies on higher plants (20, 21, 26) , yeasts (7, 25) , Neurospora crassa (15, 22, 26) , and Aspergillus nidulans (13) . Conversely, GS and, to a lesser extent, NADP-GDH have not been extensively characterized in ectomycorrhizal fungi. Only their activity in fungal mycelia and ectomycorrhizas has been studied (1, 8, 10, 28) , and their role in NH4' assimilation by ectomycorrhizal fungi and ectomycorrhizas investigated (9, 11, 19) . Indeed, the activity and amount of fungal NADP-GDH polypeptide were strongly suppressed in beech associations (10, 19) . In contrast, evidence from enzyme activities, electrophoretic patterns, immunocytochemical labeling, and '5N experiments consistently showed that fungal NADP-GDH was involved in N-assimilation by spruce ectomycorrhizas (9, 10) .
Thus, the NH4' assimilation pathways (GDH/GS versus GS/ glutamate synthase) appear to differ between mycorrhizal roots of spruce and beech. However, there is still much to learn about N assimilation in ectomycorrhizas and its regulation, particularly in relation to enzyme compartmentation. As a prerequisite to detailed studies on the regulation of fungal enzymes and their localization in symbiotic tissues, we report here the purification of GS and NADP-GDH from the ectomycorrhizal fungus Laccaria laccata (Scop. ex Fr. Cke) S 238 and present some physical, kinetic, and immunological properties of the purified enzymes.
GS2 (L-glutamate:ammonia ligase, ADP forming, EC 6.3.1.2) is the major enzyme for ammonia assimilation in most higher plant tissues (2, 21, 26) . In fungi, primary N assimilation is brought about by successive activity of NADP-GDH (EC 1.4.1.4) and GS (15, 17, 22 Glu). The column was washed with buffer A until A280 of the eluate was close to zero. The enzyme was eluted by a 300-mL linear NaCl gradient (0-0.3 M) and fractions of approximately 2.5 mL were collected at a flow rate of 1.5 mL min-'.
Desalting proved unnecessary for subsequent affinity chromatography. Fractions containing the highest GS activity were pooled and applied to a Blue-Sepharose CL-6B column (1 x 8 cm) that had been preequilibrated with buffer A. The enzyme, which is retained under these conditions, was eluted with 10 mL of 0.5 mm ADP in buffer A at a flow rate of 0.2 mL min-'. Fractions containing GS activity were concentrated by ultrafiltration (Amicon PM 10 membrane) to approximately 1 mL and applied to a FPLC-based Protein Pak DEAE-5PW column (0.8 x 7.5 cm) that had been preequilibrated with buffer A. After injection, the column was washed with buffer A and the enzyme activity was eluted by a 60-mL linear NaCl gradient (0-0.1 M) at a flow rate of 1.5 mL min-'.
Pooled GS activity fractions were divided into 0.2-mL portions, and stored at -750C until used for enzyme characterization. No loss in activity was seen over a period of 3 months when the enzyme was stored in this manner.
NADP-GDH
Approximately 25 g of mycelium was ground in a mortar and pestle with 20 volumes of 0.05 M Tris-HCl (pH 7.6) containing 10% (v/v) glycerol, 2% (w/v) PVP-40, and 14 mm 2-mercaptoethanol. Purification and storage of NADP-GDH was then performed as described for GS except that buffer B (0.05 M Tris-HCl, pH 7.6, 10% [v/v] glycerol, and 14 mm 2-mercaptoethanol) was used instead of buffer A throughout the purification steps. Blue-Sepharose CL-6B affinity chromatography was replaced by chromotography with a 2',5'-ADP-Sepharose 4B column (1 x 8 cm) preequilibrated with buffer B, and the elution of NADP-GDH was performed with a linear gradient of NADPH (0-0.25 mM) at 0.2 mL min-'.
Electrophoresis
Nondenaturing PAGE Uniform-PAGE (6% resolving gels) was carried out in a
Mini-Protean II unit for 1 h at 200 V as described elsewhere (4). Gradient-PAGE was performed by using polyacrylamide (4-30%) precast gels according to Botton and Msatef (5) . Electrophoresis was run for approximately 16 h at 120 V.
Gels were stained either for protein using Coomassie blue R-250 or for enzyme activity. Location of GS activity was determined immediately after electrophoresis by bathing the gels for 30 min at 300C in the transferase assay mixture and subsequently placing them in the ferric chloride reagent according to Winter et al. (29) . The red-brown color of the ferric hydroxamate developed where GS activity was present. GS activity was also located by incubating the gel in the biosynthetic assay mixture containing 50 mi CaCl2 at 30°C until a stable band of insoluble CaHPO4 appeared. Staining for NADP-GDH activity involved the tetrazolium assay system (3) to follow the deamination of L-Glu. Gels were incubated in a medium containing 30 mM L-Glu, 0.35 mtm NADP, 25 mn-m nitroblue tetrazolium, and 12.5 mm phenazine methosulfate in 100 mm Tris-HCl (pH 7.8). NADP-GDH bands were visualized as dark blue zones produced by formazan formation.
SDS-PAGE
SDS-PAGE (15% resolving gels) was performed in a MiniProtean II electrophoresis unit at 200 V for about 90 min according to Laemmli (14) , and gels were silver stained as described elsewhere (4).
Mol Wt Determinations
The native Mr was determined on uniform-polyacrylamide gels at various concentrations of acrylamide (6, 7.5, 9, and 10.5% T) or with gradient-PAGE as described above. The native Mr estimation on uniform-polyacrylamide gels was derived from a series of Ferguson plots (logio RF versus gel concentration) and a second plot of retardation coefficient versus the molecular mass of native proteins. Size estimation on gradient-PAGE was performed according to a method described elsewhere (4, 5) . Uniform-and gradient-gels were calibrated with protein standards of known Mr (thyroglobulin, 669,000; ferritin, 440,000; catalase, 232,000; lactate dehydrogenase, 140,000; BSA, 67,000). The native Mr was also determined by gel filtration on a HiLoad Sephacryl S-300 High Resolution column (1.6 x 60 cm) using the Waters FPLC system. The column was equilibrated in 100 mi Tris (pH 7.6) containing 10% (v/v) glycerol and 100 mm NaCl.
Blue Dextran 2000 was used to mark the front of elution. Samples (0.5-1 mL) were loaded onto the column first calibrated with high Mr markers (thyroglobulin, 669,000; ferritin, 440,000; catalase, 232,000; aldolase, 158,000; BSA, 67,000). Fractions (1 mL) were collected at a flow rate of 0.3 mL min-' and assayed for A280 or enzyme activity. The native Mr of the enzymes was derived from a plot of partition coefficient versus log Mr. Molecular mass estimations of the subunits were carried out by SDS-PAGE as described above using standards of known Mr (phosphorylase b, 94,000; BSA, 67,000; ovalbumin 43,000; carbonic anhydrase, 30,000; soybean trypsin inhibitor, 20,100; a-lactalbumin, 14,400). Size estimation of the monomer was performed according to a method described elsewhere (4).
Generation of Polyclonal Antisera
To elicit polyclonal antibodies, enzymes of the pooled DEAE-5PW samples were further purified by preparative-PAGE as previously described (5 
Immunoblotting
After SDS-PAGE, the gel was incubated for about 10 min 
RESULTS AND DISCUSSION Protein Purification
GS and NADP-GDH were purified using a similar purification scheme involving separation on DEAE-Trisacryl, affinity chromatography, and FPLC-based DEAE-5PW matrices (see 'Materials and Methods'). Mycelia used to purify the enzymes were grown on nitrate as the sole nitrogen source.
Growth of the fungus on NH4' resulted in a lower NADP-GDH activity level and a poor, if not undetectable, GS level, which were not suitable for large-scale purification. GS appeared to be more labile than NADP-GDH during the extraction procedure, but its stability could be greatly improved by the presence of EDTA, Glu, and Mg2+ throughout purification. In the presence of these three stabilizing agents, the crude filtrates could be stored at 40C for at least 3 d without any appreciable loss of GS activity. After 10 d at 40C in extraction buffer, GS retains 78% of its initial activity. In the absence of stabilizing agents, the enzyme loses 100% of its activity during this time. GS was purified 31-fold from L. laccata vegetative mycelium with a 23% recovery and a specific activity of 713 nkat mg-' protein (Table I ). The ratio of transferase over biosynthetic activities (3:5) was found to be similar with crude or purified preparations. The enzyme eluted from the DEAE-Trisacryl column as one sharp activity peak at 120 mm NaCl. The anion-exchange column eliminated approximately 93% of the total protein with a 56% recovery of GS activity ( Table I ). The fact that ATP-dependent enzymes, including GS, from various sources bind to Cibacron-Blue affinity resins (5, 29) prompted us to exploit Blue-Sepharose for L. laccata GS purification (Table I) . Approximately 65% of the GS activity was eluted, with a bulk elution using 0.5 mm ADP. The remaining 35% was recovered in the unbound fraction. Attempts to elute GS from the BlueSepharose column with an ADP-gradient proved ineffective, and resulted in a slow release of enzyme in a broad peak (data not shown). Subsequent FPLC-based anion-exchange chromatography on a Protein Pak DEAE-5PW column removed minor contaminating proteins as monitored by SDS-PAGE (Fig. 1) . The resulting native enzyme preparation yielded a single protein band that co-migrated with GS activity on nondenaturing PAGE (Fig. 2) . The identity of GS on PAGE was further ascertained by its biosynthetic activity, locating the native enzyme by an insoluble CaHPO4 precipitate (not shown). It was concluded that GS was purified to apparent electrophoretic homogeneity. NADP-GDH was purified 688-fold with a recovery of 62% and a specific activity of 4130 nkat mg-' protein (Table II) .
The enzyme eluted from the DEAE-Trisacryl column as a single activity peak at 70 mm NaCl. Approximately 95% of the total NADP-GDH activity was recovered from the anionexchange column, whereas 99% of the total protein was eliminated (Table II) . The 2',5'-ADP-Sepharose 4B chromatography was also an effective purification step (Table II) . This affinity matrix was previously used for the purification of NADP-GDH from the ectomycorrhizal ascomycete Cenococcum geophilum (10) . After a further purification step on FPLC-based DEAE-5PW, the enzyme preparation was electrophoretically homogeneous, as monitored by SDS-PAGE (Fig. 1) or nondenaturing gradient-PAGE (Fig. 2) . The final yield was 62%, whereas a 44% recovery was obtained for C geophilum NADP-GDH (F. Martin, unpublished data). These yield values are much higher than those obtained for the enzyme from Sphaerostilbe repens, 23% (4), C geophilum, 4% (18), or Saccharomyces cerevisiae, 33% (7), purified by conventional methods. Attempts to purify both enzymes from the same extract failed because the extraction and purification buffers used for GS were not suitable for work on NADP-GDH. 
Characterization of Purified Enzymes Mol Wt Estimations
The native Mr values of GS and GDH determined by gel filtration were 365,000 ± 13,000 and 345,000 ± 18,000, respectively, whereas they were 190,000 ± 5,000 and 351,000 ± 4,000, respectively, when estimated by nondenaturing gradient-PAGE. The subunit Mr values, as determined by SDS-PAGE, were 42,000 ± 1,600 for GS and 47,000 ± 1,000 for NADP-GDH (Fig. 1) .
Based upon the subunit Mr of 42,000 and its relative mobility in the nondenaturing gradient gel system, L. laccata GS appeared to be a tetramer of identical subunits. Conversely, GS retention time on gel filtration suggested that the enzyme was octameric. The Mr values of 365,000 and 42,000 for the native enzyme and the subunit, respectively, are within the range of Mr values reported for GS from various eukaryotes (23, (25) (26) (27) . However, Stewart et al. (26) that yeast GS resembles the mammalian enzyme in that it dissociates into two tetramers that are catalytically active. Similarly, Palacios (23) reported native Mr values for N. crassa GS of 190,000 and 385,000 as estimated by gradient-PAGE and sucrose gradient centrifugation, respectively. Therefore, the L. laccata GS Mr estimated by gel filtration was probably closer to the actual Mr, suggesting that gradient electrophoresis leads to the dissociation of GS into tetramers. This view was further examined by Mr estimation using uniform-PAGE with various concentrations of acrylamide (6, 7.5, 9, and 10.5%) (Fig. 3) . Interpolation of the Ferguson plots yielded a GS Mr of 380,000, which was of the same order as the gel filtration estimate and exactly twice that from gradient-PAGE. Studies are currently in progress to clarify the in vivo structure of GS. Based on the subunit Mr of 47,000 and the native Mr of 345,000 obtained by gel filtration and 351,000 obtained by gradient-PAGE, NADP-GDH from L. laccata appears to be an octa-or hexameric protein consisting of identical subunits.
However, the NADP-GDH Mr derived from Ferguson plots was 298,000 (Fig. 3) . NADP-GDH of microorganisms is a Table Mll . Properties of GS and NADP-GDH from L. laccata
The Km values were determined by varying one substrate concentration while the others were kept near saturation. Results were analyzed by Lineweaver-Burk plots, and apparent Km values were determined by linear regression. The pH optima were established by varying the pH of the reaction mixture and measuring it at the beginning of the reaction. The temperature optima were obtained by incubating the reaction mixture and measuring the activity at various temperatures. Data shown represent the mean of two to three experiments. hexamer composed of identical subunits with Mr ranging between 270,000 and 320,000 (3, 5, 10, 18, 26) , suggesting that the NADP-GDH from L. laccata is most likely a hexamer.
Kinetic Parameters
The substrate saturation curves were analyzed by Lineweaver-Burk plots and substrate affinities of GS and NADP-GDH are summarized in Table III . The apparent Km values of GS for Glu and ATP were similar to the values previously reported (26, 27, 29) . The most striking feature was the high affinity of GS for NH4' (24 Mm) . However, use of the coupled spectrophotometric assay gave lower values than assays using NH20H as substrate (Km NH20H, 0.5 mM). This correlates with other findings showing that the coupled assay, with its greater sensitivity, is advisable if reliable apparent Km values are to be obtained (26) . The Km values of L. laccata NADP-GDH for 2-oxoglutarate, Glu, and NH4' were similar to those reported for the enzyme from other fungal sources (2, 5, 18, 26) . The purified NADP-GDH did not show any activity in the presence of NADH. L. laccata NADP-GDH did not exhibit biphasic kinetics for NH4' as reported for the enzyme from other fungi (2, 5, 18) . The Hill number for NH4' was 0.99, arguing against interactions between subunits. In L. laccata, preliminary experiments allowed estimation of a cellular concentration ranging from 2 to 4 mm for NH4' and from 0.5 to 1 mm for glutamate, assuming an even distribution of these compounds in the cells. Considering the Km values for NH4' and glutamate, it seems that the dehydrogenase might operate mainly in the direction of glutamate synthesis. Moreover, it has been found, in standard assay conditions, that NH4I inhibited the catabolic reaction more than glutamate did for the anabolic one. Indeed, at 4 mm, NH4' ions suppressed 68% of the deamination activity, whereas glutamate at the same concentration did not affect the amination reaction (not shown).
The turnover number for GS was 16,300 mol NH4' transformed min-' mol-1 holoenzyme compared with 74,300 for NADP-GDH. However, the apparent affinity of GS for NH4' (24 Mm) was higher than that of NADP-GDH (5 mM), and the amount of GS g-1 fresh weight (151 jig) was eightfold higher than that of NADP-GDH. From these results, it was calculated that the amount of NH4' reduced min-' g-1 fresh tissue was 6.5 Mumol for GS and 4.8 zmol for NADP-GDH under optimal catalytic conditions. Based on the purification data, GS is a highly abundant protein, representing approximately 3% (w/w) of the total soluble protein in nitrategrown mycelia (Table I) . Conversely, NADP-GDH represents only 0.15% (w/w) of the total soluble protein in such mycelia (Table II) . This fact, together with the fourfold greater activity of GS over NADP-GDH in extracts of nitrate-grown mycelia (Tables I and II) , is consistent with GS being the main route of NH4' assimilation at low NH4' concentrations. This view is supported by isotopic studies that demonstrated that
[15N]NH4' was mainly incorporated into the amido group of glutamine in L laccata mycelia (16) .
pH and Temperature Optima
Optimum pH values for transferase and biosynthetic activities of L. laccata GS were 7.2 and 7.6, respectively (Table   III) , which agree well with values reported for the enzyme from eukaryotes (26, 27) . The optimum pH values were 7.2 and 8.6 for the amination and deamination reactions of NADP-GDH, respectively (Table III) , which are within the range of optimum pH reported for other fungal sources (3, 5, 18) . At the optimum pH of each reaction, the amination rate was 10-fold higher than that of the deamination reaction. Considering the cytoplasmic pH value in L. laccata, ranging from pH 6.5 to 7 as measured by NMR spectroscopy (F. Martin, unpublished results), such a result emphasizes the possibility that NADP-GDH may primarily be involved in the biosynthesis of glutamate. The assay temperature optima, related to the catalytic efficiency, were 30 and 380C for GS and NADP-GDH, respectively.
Immunological Characterization
The effects of anti-GS and anti-NADP-GDH immune sera on the activity of GS and NADP-GDH are shown in Figure  4 . The amount of anti-GS immune serum required for 50% immunoprecipitation of purified GS activity was about 8 ,L nkat-1 (Fig. 4A) , whereas the amount of anti-NADP-GDH immune serum required for 50% immunoprecipitation of purified NADP-GDH activity was fourfold lower (Fig. 4B) . Antibodies raised against GS did not immunoprecipitate NADP-GDH and, similarly, antibodies raised against NADP-GDH did not immunoprecipitate GS. An immunoblot of the Immune serum (gL) Figure 4 . Effect of rabbit anti-GS immune serum (A) and anti-NADP-GDH immune serum (1:10 dilution) (B) on the activities of purified GS and NADP-GDH. Constant amounts of antigen (partially purified extracts from the DEAE-Trisacryl column) were incubated with increasing volumes of antisera for 1 h at room temperature and then stored overnight at 4°C. The antigen-antibody complex was centrifuged at 10,000g for 10 min and the residual enzyme activity was determined with an aliquot of the supernatant fraction. One hundred percent of activity corresponds to 6.4 and 2.7 nkat for GS and NADP-GDH, respectively.
crude protein extract from L. laccata mycelium probed with anti-GS immune serum displayed one major band migrating with a Mr of 42,000 (Fig. 1) . Protein blot analysis of crude extracts with the antibodies against NADP-GDH revealed one strong band at 47,000 (Fig. 1 ). An additional faint immunoreactive polypeptide was detected in both samples at approximately 110,000. The immunoprecipitation curves and immunoblots documented the high reactivity and the monospecificity of the immune sera produced against the purified enzymes.
In conclusion, GS, purified for the first time from a basidiomycete fungus, and L. laccata NADP-GDH appear to be physically and kinetically similar to the enzymes from other fungal sources. The separation procedures developed in the present study are highly effective and resulted in the purification to apparent electrophoretic homogeneity of L. laccata GS and NADP-GDH. Because of its low Km for NH4' and its high relative abundance, the reaction catalyzed by GS probably represents a major route for the assimilation of NH4+ in fungal tissues grown on nitrate. However, the role of NADP-GDH should not be underestimated because "5N experiments with L. laccata indicated that this enzyme was also operative in N assimilation (16) . Future studies must evaluate the respective contribution of these two N-assimilating enzymes in L. laccata mycelia. The contribution of the fungal GS and NADP-GDH in NH4' assimilation by ectomycorrhizas and their distribution in the symbiotic tissues await future experiments.
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